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Cubic  garnets  of  composition  Li6.75La3Zru5Tao.250i2,  Li6.15La3Zru5Tao.25Alo.2O12>  and 
Li6.15La3Zru5Tao.25Gao.2O12  were  prepared  from  a  co-precipitated  precursor  and  consolidated  by  hot- 
pressing  to  a  relative  density  of  ~96-98%.  The  total  Li-ion  conductivities  at  298  K  and  activation  energies 
(in  parentheses)  of  Li6.75La3Zri.75Tao.25  0i2,  Li6.15La3Zr1.75Tao.25Alo.2O12  and  Li6.15La3Zr1.75Tao.25Gao.2O12 
were  0.87  mS  cm-1  (0.22  eV),  0.37  mS  cm-1  (0.30  eV)  and  0.41  mS  cm-1  (0.27  eV),  respectively.  The  above 
results  suggest  that  cubic  stabilizing  substitutions  outside  of  the  Li-ion  sub-lattice  are  preferable  to 
obtain  faster  Li-ion  conductivity. 

Published  by  Elsevier  B.V. 


1.  Introduction 

Li-ion  solid  electrolytes  have  been  long  sought  after  in  order 
to  obtain  a  safe,  reliable,  long-lived  battery  system  without  use 
of  flammable,  volatile  and  relatively  unstable  organic  liquid-based 
electrolytes.  The  advantages  are  numerous  including  long  shelf 
life,  ability  to  operate  at  high  voltage  or  high  temperature  and 
ease  of  manufacturing.  However,  solid  electrolytes  have  not  been 
able  to  provide  sufficient  conductivity  and/or  have  been  unstable 
to  Li,  air  or  moisture.  The  Li-stuffed  Al-substituted  cubic  garnet 
Li7La3Zr20i2  (LLZO)  is  a  promising  fast  Li-ion  conducting  ceramic 
electrolyte  owing  to  its  fast  ionic  conductivity  (crtotai  ~  0.2  mS  cm-1 
at  298 1<)  and  Li  and  moisture  stability  [1,2].  High  voltage  Li- 
ion  cathodes  [3]  that  increase  the  demands  on  flammable,  liquid 
organic  electrolytes  for  high  voltage  stability  [4]  and  safety  con¬ 
siderations  make  a  solid  state  electrolyte  an  attractive  option. 
Furthermore,  Li-air  or  Li-S  batteries  [5]  can  be  enabled  by  the  dis¬ 
covery  and  development  of  faster  Li-ion  conducting  solids. 

The  challenge  has  been  to  stabilize  the  cubic  form  since  LLZO 
can  also  exist  with  a  tetragonal  garnet  structure  [6,7]  of  lower  Li- 
ion  conductivity.  The  tetragonal  structure  results  from  ordering  of 
the  Li-ion  sub-lattice.  The  first  approach  to  stabilization  of  the  cubic 
form  was  the  serendipitous  discovery  that  the  inclusion  of  Al  as  an 
impurity  from  contamination  during  processing  [2,7]  stabilized  the 
higher  conducting  cubic  phase.  Later  Al  was  intentionally  added 
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[8-11]  and  a  dense  (relative  density  >90%)  material  with  a  cubic 
structure  was  obtained.  Geiger  et  al.  [7]  have  suggested  that  Al  sub¬ 
stitutes  for  Li  and  thereby  stabilizes  the  cubic  phase  relative  to  the 
tetragonal  phase.  An  Al  substitution  for  Li  will  lead  to  a  reduction 
in  Li  content  in  order  to  maintain  electro-neutrality  (1A13+  =  3Li+). 
Others  have  speculated  that  Al  addition  yields  a  denser  material 
by  acting  as  a  sintering  aid  [9,10].  A  similar  stabilization  of  cubic 
phase  is  observed  with  Ga  substitution  [12].  Thus  it  is  desirable  to 
look  at  other  substitutions  which  like  the  Geiger  et  al.  approach 
may  stabilize  the  cubic  garnet  structure  through  a  reduction  in  Li 
content  and/or  increased  Li  vacancy  concentration.  Ta  substitution 
for  Zr  follows  this  approach  and  it  is  desirable  for  a  couple  rea¬ 
sons.  First,  Ta  is  stable  relative  to  Li  [13].  Second,  Ta  substitution 
on  the  Zr  site  will  not  hinder  Li-ion  motion  whereas  Al  substitution 
on  Li  sites  will  (as  discussed  later).  Li  et  al.  [13]  recently  reported 
Li6La3ZrTa012  cubic  garnet  with  relatively  high  total  Li-ion  con¬ 
ductivity  (0.1 8  mS  cm-1  at  298 1<).  The  sample  was  prepared  in  an 
alumina  crucible  and  contained  1.3  wt%  Al.  Also,  Logeat  et  al.  [14] 
recently  reported  that  Al-free,  Ta  substitution  for  Zr  could  stabi¬ 
lize  the  cubic  garnet  (Li7_xLa3Zr2_xTax0i2).  Conductivity  data  was 
not  included  in  their  report.  Similarly  to  Ta,  Nb  substitution  for 
Zr  should  also  lower  the  Li  content  of  the  LLZO  and  a  high  Li  ion 
conductivity  (0.8  mS  cm-1  at  298 1<)  cubic  garnet  sample  has  been 
reported  with  Nb  substitution  for  Zr  by  Ohta  et  al.  [  1 5  ].  However,  Ta 
is  preferable  to  Nb  since  Nb  is  not  chemically  stable  with  Li  [16-18] 
and  would  change  LLZO  from  an  ionic  conductor  to  a  mixed  conduc¬ 
tor.  In  this  paper,  we  have  chosen  a  level  of  Ta  substitution  equal  to 
the  level  of  Nb  substitution  reported  by  Ohta  et  al.  [15]  to  have  the 
highest  conductivity  and  lowest  activation  energy.  It  is  the  purpose 
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of  this  paper  to  report  on  the  effects  of  Ta,  Ta  +  Ga  and  Ta  +  A1  substi¬ 
tutions  in  order  to  further  the  understanding  of  Li-ion  conductivity 
in  LLZO. 

2.  Experimental 

Li6.75La3Zri  75Tao.250i2>  Li6.15La3Zr175Tao.25Alo.2O12  and 

Li6.15La3Zr175Tao.25Gao.2O12  were  prepared  for  study  from  a 
co-precipitated  precursor.  Li2C03,  La(OH)3,  “[Zr02]2C02xH20” 
(zirconium  carbonate,  basic  hydrate;  equivalent  Zr02  content 
determined  from  thermogravimetric  analysis)  Al(OH)3  and  Ga203 
weighed  in  the  desired  stoichiometry  were  dissolved  in  ~1.4M 
HNO3  (aq).  A  3  wt%  excess  of  Li  was  used  to  compensate  for  Li 
volatilization  during  synthesis.  The  desired  amount  of  TaCls  was 
first  dissolved  in  anhydrous  ethanol  and  then  added  to  the  acid 
solution.  The  resulting  clear  solution  was  evaporated  to  dryness 
in  a  microwave  oven  contained  inside  a  fume  hood.  Evolution  of 
NOx  was  observed  during  this  step.  The  dried  co-precipitate  was 
lightly  ground  with  a  mortar  and  pestle  and  pressed  into  a  pellet 
using  a  Carver  laboratory  die  and  press.  The  pellet  was  placed  on  a 
Zr02  plate  and  heated  in  air  at  923  K  for  15  h  and  subsequently  at 
1273  K  for  3-4  h.  The  furnace  was  turned  off  and  the  sample  was 
removed. 

Li6.75La3Zri  75Tao.250i2.  Li6.15La3Zr175Tao.25Alo.2O12  and 

Li6.15La3Zr175Tao.25Gao.2O12  dense  discs  were  prepared  by  hot- 
pressing.  The  powders  were  hot-pressed  at  1323  K  at  40  MPa 
pressure  for  1  h  under  air.  From  the  hot-pressed  discs  rectangular 
parallelepipeds  were  cut  using  a  low-speed  diamond  saw  for 
density,  microstructural  and  electrical  property  measurements. 

X-ray  diffraction  (Cu  Ka  radiation)  was  used  to  characterize  the 
phase  purity  of  the  powders  and  the  material  after  hot-pressing. 
Lattice  constants  were  calculated  from  the  peak  positions  of  the  X- 
ray  diffraction  pattern  using  Rietveld  refinement  of  data  collected 
in  parallel  beam  geometry.  The  bulk  density  of  the  hot-pressed 
samples  was  determined  from  the  weight  and  physical  dimensions. 
The  relative  density  values  were  determined  by  dividing  the  bulk 
density  by  the  theoretical  density.  The  microstructure  of  the  hot- 
pressed  samples  was  examined  on  fracture  surfaces  using  scanning 
electron  microscopy  (SEM). 

AC  measurements  were  undertaken  to  determine  ionic  conduc¬ 
tivity  as  a  function  of  temperature  in  the  range  of 298-373  K.  Au  was 
sputter  coated  on  to  the  top  and  bottom  surface  of  the  specimens. 
AC  impedance  was  measured  using  a  Solatron  1260  Impedance 
Analyzer  in  the  frequency  range  of  1-1 06  Hz. 

3.  Results  and  discussion 

Conventional  garnets  are  described  by  the  formula  A3B3O12 
where  A,  B,  and  C  have  8,  4,  and  6  oxygen  coordination,  respec¬ 
tively.  In  a  cubic  stuffed  garnet,  La  occupies  A  sites,  Zr  occupies  C 
sites  and  Li  occupies  the  B  sites  and  additional  distorted  octahedral 
sites  that  are  unoccupied  in  the  conventional  garnet  [19].  Awaka 
et  al.  [20]  label  the  tetrahedral  B  site  Lil  and  the  distorted  octahe¬ 
dral  site  Li2  and  they  describe  the  basic  unit  of  the  Li  sub-lattice 
to  be  loop  of  Lil  and  Li2  sites.  The  Lil  site  is  the  only  connection 
between  loops  and  these  junctions  of  the  basic  loop  unit  form  the 
complete  3-D  Li  ion  sub-lattice  and  enable  fast  Li-ion  conduction. 
A  very  high  conductivity  [2]  was  reported  for  cubic  “Li7La3Zr20i2” 
that  was  later  shown  to  be  a  result  of  Al  substitution  for  Li  [7].  We 
believe  that  Al  substitution  lowers  the  Li  content  and  stabilizes  a 
cubic  structure  as  hypothesized  by  Geiger  et  al.  [7].  Ga  can  stabi¬ 
lize  cubic  garnet  in  a  fashion  similar  to  Al  [12].  However  based  on 
the  Awaka  et  al.  structural  model  of  Li-stuffed  cubic  garnet  [20], 
the  presence  of  Al  or  Ga  on  the  Li  site  will  be  detrimental  to  Li- 
ion  conduction  and  we  therefore  focused  on  substitutions  that  are 


Fig.  1.  The  X-ray  diffraction  patterns  of  Li6.75La3Zri.75Tao.250i2, 
Li6.15La3Zr1.75Tao.25Alo.2O12  and  Li6.15La3Zr1.75Tao.25Gao.2O12. 


not  part  of  the  Li-ion  conduction  pathway.  Nuclear  magnetic  reso¬ 
nance  (NMR)  data  has  shown  Al  occupying  both  the  Lil  and  the  Li2 
sites  with  preference  for  the  Lil  site  [7].  We  speculated  that  Al  on 
these  sites,  and  in  particular  Al  on  the  Lil  site,  might  hinder  ionic 
conductivity  since  this  site  forms  the  junction  between  loops. 

Thus,  we  wanted  to  control  the  Li  content  in  order  to  sta¬ 
bilize  the  cubic  stuffed  garnet  structure  without  placing  ions 
such  as  Al  or  Ga  on  the  Li  sub-lattice.  With  this  in  mind,  we 
prepared  Li6j5La3Zri  75Tao.250i2  where  La  occupies  A  sites,  Zr 
and  Ta  occupy  C  sites  and  Li  occupies  B  (Lil)  sites  as  well  as 
distorted  octahedral  sites  (Li2)  that  are  unoccupied  in  conven¬ 
tional  garnet.  We  also  prepared  Li5.15La3Zr175Tao.25Alo.2O12  and 
Li6.15La3Zr175Tao.25Gao.2O12  in  order  to  determine  how  substitu¬ 
tions  of  Li  by  Ga  or  Al  would  affect  the  Li-ion  conductivity  and  to 
shed  light  on  the  role  of  Ga  or  Al  as  either  a  substituting  atom  on 
the  Li  sub-lattice  which  reduces  the  Li  content  or  as  a  sintering  aid. 
Based  on  crystal  chemistry,  we  expect  Al  to  have  a  site  preference 
for  the  tetrahedral  site  (B,  Lil )  and  Ga  to  prefer  the  distorted  octahe¬ 
dral  site  (Li2)  [21  ].  We  therefore  expected  that  there  may  be  some 
benefit  to  using  Ga  over  Al  since  it  may  not  preferentially  occupy 
the  critical  Lil  junction. 

The  X-ray  diffraction  patterns  for  Li6.75La3Zri  75Ta0.25Oi2, 
Li6.15La3Zr175Tao.25Alo.2O12  and  Li6.15La3Zr175Tao.25Oao.2O13  after 
hot-pressing  are  shown  in  Fig.  1 ,  confirming  a  predominantly  single 
phase  of  cubic  symmetry  with  space  group  Ia3d.  From  Fig.  1,  it  is 
observed  that  Ta  does  indeed  stabilize  the  cubic  LLZO  phase  at  room 
temperature.  The  lattice  parameters  are  shown  in  Table  1.  By  com¬ 
parison,  Logeat  et  al.  [14]  reports  a  lattice  parameter  of  12.96  A  for 
Li6.75La3Zri  75Ta0.25Oi2  which  is  in  exact  agreement  with  our  result. 
Li  et  al.  [  1 3  ]  reported  a  lattice  parameter  of  1 2.89  A  for  the  composi¬ 
tion  Li6La3ZrTaOi2.  The  lattice  parameter  change  with  increasingTa 
content  is  consistent  with  the  relative  ionic  radii  ofTa5+  (64  pm)  and 
Zr4+  (72  pm)  [22].  Turning  back  to  our  samples,  Ga  or  Al  substitution 
on  the  Li  sub-lattice  has  little  effect  on  the  lattice  constant. 

A  representative  micrograph  of  the  fracture  surface  of  the 
hot-pressed  Li6.75La3Zri  75Tao.250i2  sample  is  shown  in  Fig.  2. 
From  SEM  analysis,  a  couple  of  important  points  are  noted.  First, 
the  material  is  very  dense  in  agreement  with  the  relative  den¬ 
sity  ~96%,  determined  from  the  physical  dimensions,  weight  and 
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Table  1 

Density,  conductivity  and  lattice  constants  of  samples  prepared  for  this  study. 
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Composition 

Lattice  constant  (A) 

Relative  density  (%) 

Total  Li-ion  cr  at  298 1<  (mS  cm-1 ) 

Activation  energy  (eV) 

Li6.75La3Zri.75Tao.250i2 

12.96 

96 

0.87 

0.22 

Li6.15La3Zr1.75Tao.25Alo.2O12 

12.95 

98 

0.37 

0.30 

Li6.15La3Zr1.75Tao.25Gao.2O12 

12.95 

98 

0.41 

0.27 

the  theoretical  density.  Almost  no  porosity  is  observable.  A  high 
relative  density  is  extremely  important  for  device  applications.  Sec¬ 
ond,  no  second  phases  were  observed  at  grain  boundaries.  Third, 
the  fracture  surface  is  very  flat  indicating  transgranular  fracture, 
revealing  high  grain  boundary  strength  which  should  lead  to  low 
inter-granular  ionic  resistance.  The  Li575La3Zr175Tao.25Alo.2O12 
and  Li6.15La3Zr175Tao.25Gao.2O12  samples  also  have  near  theoret¬ 
ical  density  (see  Table  1)  and  exhibit  microstructures  similar  to 
that  shown  in  Fig.  2  in  that  very  little  porosity  is  observed  and  the 
fracture  surface  is  very  flat.  In  contrast  the  microstructure  of  the 
only  other  Ta-substituted  LLZO  material,  Li6La3ZrTa0i2  [13],  con¬ 
solidated  by  conventional  sintering  revealed  a  higher  percentage 
of  intergranular  fracture,  which  reveals  that  the  grain  boundaries 
are  not  as  strong  as  for  the  present  study.  This  should  lead  to  a 
higher  inter-granular  resistance  compared  to  the  hot-pressed  sam¬ 
ples  used  in  the  present  study.  In  addition,  the  microstructure 
of  cubic  LLZO  without  Ta  consolidated  by  conventional  sintering 
[9,10,23,24]  tends  to  reveal  a  higher  percentage  of  intergranu¬ 
lar  fracture  when  compared  to  the  present  hot-pressed  materials 
which  should  also  result  in  a  higher  inter-granular  resistance. 

In  a  device,  the  total  Li-ion  conductivity  rather  than  bulk  Li- 
ion  conductivity  is  the  important  measure  for  practical  application 
and  so  we  will  focus  on  total  Li-ion  conductivity.  Furthermore, 
our  samples  because  of  their  desirable,  high  density  and  negligible 
grain-boundary  impedance  have  a  total  ionic  conductivity  nearly 
equal  to  their  lattice  conductivity.  This  point  is  illustrated  by  the 
room  temperature  Nyquist  plots  of  all  3  samples  (Fig.  3)  which 
revealed  only  a  nearly  straight  line  at  a  slope  of  ~45°  without  any 
clear  semi-circles.  Since  we  used  Au  Li-ion  blocking  electrodes,  the 
shape  of  the  curve  represents  a  material  which  is  a  pure  Li-ion  con¬ 
ductor.  The  lack  of  clear  semi-circles  at  the  highest  frequencies  is 


Fig.  2.  Representative  SEM  image  of  a  fracture  surface  of  hot-pressed 
U6.75  La3  Zr1.75Tao.25  Oi  2 . 


characteristic  of  a  material  with  low  grain  boundary  impedance. 
This  is  in  agreement  with  the  results  of  Kotobuki  et  al.  [9]  who  sug¬ 
gested  that  the  lack  of  clear  semicircles  at  the  highest  frequencies 
in  their  impedance  plots  implied  that  grain  boundary  impedance 
is  negligible  compared  to  lattice  impedance  and  Kumazaki  et  al. 
[8]  who  suggested  that  the  lack  of  a  clear  semicircle  in  the  high¬ 
est  conductivity  sample  reveals  almost  complete  removal  of  the 
sample  grain  boundary  resistance. 

Fig.  4  shows  the  Arrhenius  plot  of  the  total  Li-ion  conduc¬ 
tivity  of  Li6.75La3Zr175Tao.250i2>  Li6.i5La3Zr175Tao.25Alo.20i2  and 
Li6.i5La3Zr175Tao.25Gao.20i2  as  a  function  of  temperature.  The 
activation  energy  was  estimated  from  the  slope  of  the  line 
in  the  temperature  range  of  298-373  K.  From  Fig.  4,  several 
important  points  can  be  made.  First,  the  total  Li-ion  conduc¬ 
tivity  of  Li6.75La3Zri  75Tao.250i2  is  highest  at  all  temperatures. 
Second,  the  activation  energy  (0.22  eV)  for  the  total  Li-ion  con¬ 
ductivity  of  Li6.75La3Zri  75Ta0.25Oi2  is  considerably  lower  than 
the  other  two  samples  (0.30  eV  for  Li575La3Zr175Tao.25Alo.2O12 
and  0.27  eV  for  Li5.15La3Zr175Tao.25Gao.2O12).  It  is  also  lower  than 
the  other  reported  Ta-substituted  LLZO  garnet  fast  lithium-ion 
conductors  Li6La3ZrTaOi2  (0.42 eV)  [13]  and  lower  than  that 
reported  for  (Al-substituted)  Li7_xLa3Zr20i2  (0.30 eV)  [2]  and 
Li6.75La3Zri75Nbo.250i2  (0.31  eV)  [15].  Third,  the  conductivity  of 
the  Ga,  Ta  substituted  sample  is  roughly  the  same  as  the  Al,  Ta 
substituted  sample.  Fourth,  the  activation  energy  of  the  Ga,  Ta  sub¬ 
stituted  sample  is  slightly  lower  than  that  of  the  Al,  Ta  substituted 
sample.  Understanding  the  slight  difference  in  activation  energy 
between  Ga,  Ta-substituted  LLZO  and  Al,  Ta  substituted  LLZO  is  dif¬ 
ficult  owing  to  the  small  difference  in  activation  energy.  First,  the 
two  materials  have  very  similar  or  equal  densities,  lattice  constants, 
grain  size,  charge  of  the  substituting  atoms  (Ta5+  and  Al3+  or  Ga3+) 


Fig.  3.  Nyquist  plots  of  the  ac  impedance  spectra  for  hot-pressed  samples  of 
Li6.75 La3 Zri ,75Tao.25 O12 ,  Li6.15La3Zr1.75Tao.25Alo.2O12  and  Li6.15La3Zr1.75Tao.25Gao.2O12 
with  Li-blocking  Au  electrodes  at  298  K  in  air. 
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Fig.  4.  Conductivity  of  Li6.75La3Zru5Tao.250i2,  Li6.15La3Zr1.75Tao.25Alo.2O12  and 
Li6.15La3Zr1.75Tao.25Gao.2O12  as  a  function  of  temperature. 

and  Li  content.  The  only  difference  is  the  size  of  Al3+  relative  to  Ga3+ 
which  in  turn  leads  to  different  site  preferences  in  garnets  [21  ].  The 
trend  is  in  agreement  with  the  supposition  that  Ga  would  prefer  to 
occupy  the  distorted  octahedral  Li2  site  and  A1  the  tetrahedral  Lil 
site,  as  discussed  earlier.  However,  the  small  differences  in  con¬ 
ductivities  and  activation  energies  imply  that  most  likely  A1  and  Ga 
occupy  both  sites,  though  perhaps  with  a  higher  concentration  of 
Ga  on  Li2  relative  to  Ga  on  Lil  and  a  higher  concentration  of  A1  on 
Lil  relative  to  A1  on  Li2. 

Table  1  summarizes  the  data  for  all  samples.  Since  our  sam¬ 
ples  are  of  similar,  high  density  (~96-98%)  a  good  relative 
comparison  of  the  effect  of  substitutions  is  possible.  A  couple 
important  points  can  be  made.  First,  as  discussed  for  Fig.  4,  the  Ta 
substitution  for  Zr  without  A1  or  Ga  leads  to  the  highest  conduc¬ 
tivity  (0.87  mS  cm-1  at  298  K)  and  a  very  low  activation  energy 
(0.22  eV).  Second,  the  results  in  Table  1  provide  confirmation 
of  the  hypothesis  that  substitution  within  the  Li  sub-lattice  by 
A1  or  Ga  would  be  detrimental  owing  to  its  hindrance  of  the 
Li-ion  conduction  path.  As  discussed  by  Ohta  et  al.  [15],  the  Li-ion 
conductivity  is  a  function  of  the  Li-ion  concentration  and  the  Li-ion 
mobility.  The  calculation  of  the  Li-ion  concentration  difference 
between  Li6.75La3Zr175Alo.2O12  and  Li6.15La3Zr175Tao.25Alo.2O12 
and  Li6.15La3Zr175Tao.25Gao.2O12  analyzed  via  the  method 
of  Ohta  et  al.  [15]  shows  that  the  Li  concentrations  of 
Li6.15La3Zr175Tao.25Alo.2O12  And  Li6.15La3Zr175Tao.25Gao.2O12 
are  90%  of  Li6.75La3Zr175Alo.2O12.  This  10%  difference  in  Li-ion 
concentration  cannot  explain  the  >2-fold  increase  in  conductivity. 
Therefore,  the  Li-ion  mobility  difference  is  the  predominant 
factor  which  controls  the  conductivity  difference.  This  is  further 
supported  by  the  lower  activation  energy  of  Li6.75La3Zri  75AI0.2O12 
(0.22  eV)  relative  to  Li6.15La3Zr175Tao.25Alo.2O12  (0.30  eV)  and 
Li6.15La3Zr175Tao.25Gao.2O12  (0.27  eV).  Al  or  Ga  on  the  Li  sub¬ 
lattice  hinders  the  Li-ion  mobility.  Third,  at  least  for  hot  pressing, 
Al  or  Ga  substitution  is  not  needed  in  order  to  obtain  a  sample 
with  high  density  and  fast  Li-ion  conductivity. 

By  way  of  comparison,  Li  et  al.  [13]  reported  a  total  Li-ion 
conductivity  at  298  K  of  0.18  mS  cm-1  for  the  Ta-substituted  LLZO 
garnet  of  composition  Li6La3ZrTaOi2.  Al  was  also  found  in  the  sam¬ 
ple  at  a  weight  percent  of  1 .3  which  is  about  0.4  M  or  about  twice  as 
much  as  our  Al-containing  sample.  This  is  the  only  other  reported 


conductivity  for  Ta-substituted  LLZO  however  the  comparison  is 
not  ideal  since  we  do  not  know  the  density  of  the  Li  et  al.  sample  and 
the  Ta  content  and  Al  content  is  different.  In  contrast,  our  Ta,  Al  sub¬ 
stituted  sample  (Li6.15La3Zr175Tao.25Alo.2O12)  had  a  conductivity  of 
~0.37  mS  cm-1.  Qualitatively,  we  can  say  that  first,  the  lower  con¬ 
ductivity  of  the  Li  et  al.  [13]  sample  may  result  from  lower  sample 
density  and  the  higher  Al  (reduced  Li-ion  mobility)  and  Ta  content 
(reduced  Li-ion  concentration).  Second,  the  activation  energy  of  the 
Li  et  al.  sample  is  considerably  higher  (0.42  eV)  which  is  probably  a 
result  of  higher  grain  boundary  resistance  as  well  as  some  blockage 
of  the  Li  sub-lattice  by  the  higher  content  of  AL 

Also,  as  comparison,  the  total  Li-ion  conductivity  and  activa¬ 
tion  energy  of  our  sample  of  composition  Li6.75La3Zri  75Ta0.25Oi2 
(0.87  mS  cm-1  and  0.22  eV)  can  be  compared  to  the  Nb-substituted 
LLZO  of  composition,  Li6.75La3Zri  75Nb0.25Oi2  (0.8mScm-1  and 
0.31  eV)  [15].  The  conductivity  values  are  in  excellent  agree¬ 
ment.  The  activation  energy  of  our  sample  is  lower  as  a  result  of 
the  higher  relative  density  (96%)  obtained  via  hot-pressing  rela¬ 
tive  to  sintering  (89-92%).  These  values  approach  the  calculated 
(via  molecular  dynamics  simulation)  bulk  lattice  conductivity  of 
1  mS  cm-1  reported  by  Adams  et  al.  [25]. 

Turning  once  again  to  our  samples,  these  results  support  the 
supposition  that  high  ionic  conductivity  can  be  achieved  by  Ta  sub¬ 
stitution  for  Zr  cubic  garnet  stabilizing  substitutions  that  do  not 
place  the  substituting  atom  (Al  or  Ga)  in  the  conductive  pathway 
of  Li.  Both  Nb  [15]  and  Ta  (this  work)  substituted  LLZO  exhibited 
higher  conductivity  than  Al-substituted  LLZO  [2].  Ta  is  preferred 
owing  to  its  higher  stability  against  Li  reduction. 

4.  Conclusion 

Cubic  LLZO  can  be  stabilized  at  room  temperature  by 
the  addition  of  Ta.  Hot-pressed  Li6.75La3Zri  75Ta0.25Oi2, 
Li6.15La3Zr175Tao.25Alo.2O12  And  Li6.i5bA3Zri  75Ta0.25GA0.2O12 
have  a  relative  density  of  ~96-98%.  The  room  temperature  AC 
conductivity  results  for  the  hot-pressed  Li6.75La3Zri  75Ta0.25Oi2 
sample  yields  a  total  ionic  conductivity  value  ~0.87  mScnrr1  and 
activation  energy  of  0.22  eV.  Addition  of  Al  or  Ga  to  Ta-substituted 
LLZO  reduces  the  conductivity  and  increased  the  activation  energy 
suggesting  that  Al  or  Ga  substitutions  in  the  Li-ion  sub-lattice  tend 
to  lower  the  Li-ion  conductivity. 
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